Abstract: In recent years, the production of a SM particle with large missing transverse momentum, dubbed mono-X searches, have gained increasing attention. After the discovery of the Higgs boson in 2012, the run-II of the LHC will now scrutinise its properties, looking for BSM physics. In particular, one could search for mono-Higgs signals, that are typically studied in models addressing dark matter. However, this signal can appear also in models addressing the neutrino masses, if additional heavier neutrinos with masses at the electroweak scale are present. The latter will couple to the SM neutrinos and the Higgs boson, yielding a type of mono-Higgs signal not considered for dark matter: the resonant production of a Higgs boson and missing energy. In this paper, we address the LHC exclusion power of the latter with dedicated detector simulations, and reinterpret it in a benchmark scenario for neutrino mass generation.
Introduction
Searches of single objects produced in association with missing energy, often dubbed mono-X, have gained considerable amount of attention in recent years as powerful probes for New Physics. Most notably, X can be a standard model (SM) particle, such as a light jet [1, 2, 3, 4, 5, 6, 7] , a b-quark [8, 9] , a top-quark [10, 11, 12] , a W boson [13, 14, 15, 16] , a Z boson [17, 18, 19, 20, 21, 7] , a photon (γ) [4, 22, 23, 7] , or a Higgs boson [24, 25, 26, 21] .
These mono-X signatures are mostly inspired by dark matter (DM) models, where the additional source of missing energy is provided by the DM candidates that are produced in association with it. The various signatures are described by means of non-renormalisable operators or simplified/effective models. In this paper we focus on the latter signature, the mono-Higgs case. With the recent discovery of the Higgs boson, a large effort is going to be devoted in the run-II of the LHC to scrutinise its properties in great details. Furthermore, any new particle that has mass should in some way couple to the Higgs boson. In this sense, the Higgs boson is a generic portal to New Physics, not just to dark matter.
It is a fact that SM neutrinos have mass, albeit tiny, as recently recognised by the 2015 Nobel prize for Physics. Many mechanisms and models have been proposed even before this discovery to explain the magnitude of neutrino masses. In the case of renormalisable models, neutrino masses arise when some 1 right-handed neutrinos N , singlets under the SM gauge groups, are introduced 2 . Due to their nature of SM singlets, they are often called "sterile" neutrinos. In all possible models that comprise RH neutrinos, the latter will couple to the left-handed lepton doublet L via renormalisable Yukawa interactions with the Higgs field φ such as
The above Lagrangian term gives neutrinos a Dirac mass and introduces couplings with the Higgs and would-be Goldstone bosons. However, to account for experimentally viable neutrino masses, the Yukawa couplings ought to be of O(10 −12 ), unnaturally small. Being singlets of the SM, RH neutrinos can however also have a direct Majorana mass M , that can act as a counterpart to suppress the SM neutrino masses. This is the case of the typical type-I/III seesaw models, where the smallness of neutrino masses is inversely related to the scale at which New Physics is introduced (the RH neutrino mass, M , typically at the GUT scale), yielding m ν ∼ y 2 N v 2 EW /M . In essence, neutrino masses are suppressed by the ratio of coupling over energy scale, hence either by very large scales of New Physics or due to usually unmotivated small couplings.
In theories that comprise a protective "lepton-number-like" symmetry this is not the case anymore. A small breaking of this protective symmetry can give rise to the observed small neutrino masses. The latter are directly proportional to the amount of symmetry breaking ǫ, as for instance in the case of the "linear" and "inverse" seesaw mechanisms. The main feature is the direct proportionality of the SM neutrino masses to the degree of symmetry breaking, m ν ∼ ǫ y 2 N v 2 EW /M 2 , rather than to the scale at which New Physics is introduced. Ought to this, the magnitude of the y i N couplings is not anymore connected to the scale of neutrino masses, that hence are free parameters that can be of O(1) even when New Physics is introduced at the TeV scale. In this case, when left-handed and right-handed neutrinos mix, yielding massive "light" and "heavy" neutrinos, the former are the SM-like ones, and the latter are at the TeV scale. Further, without specifying the nature of the underlying model, eq. (1.1) yields the decay of heavy neutrinos into a SM-like neutrino and a neutral boson, or into a charged lepton and a W boson, when kinematically allowed. In the large mass limit, the naive counting of degrees of freedom tells that the various branching ratios (BR) stay in a BR(N → ℓ ± W ∓ ) : BR(N → νZ) : BR(N → νH) ∼ 2 : 1 : 1 ratio. When allowed, the decay of a heavy neutrino into the Higgs boson and a SM neutrino yields a type of mono-Higgs signature that is not included in dark matter models: the resonant mono-Higgs production. Despite in Ref. [24] a similar case was briefly mentioned (i.e., when a Z ′ boson mixed with the SM-Z boson decays into the latter, then yielding the missing energy when decaying into SM neutrinos, and a Higgs boson), the signature itself has not been studied in great details, and the case of a fermionic resonance has never been considered before.
Inspired by models of neutrino masses with protective symmetries, where M and y i N are independent parameters, it is the aim of this paper to study in details the resonant 2 Neutrino masses can be explained also when new scalar triplets are introduced, as in the so-called type-II seesaw model. Also there, mono-Higgs signatures can arise, of a different nature from those described here, i.e., without a fermionic mediator [27] . mono-Higgs signature at the LHC in a simplified benchmark model, to fill the gaps in the mono-Higgs literature and to test the above benchmark model for its reinterpretation. We anticipate here that the resonant nature of the signature implies that the Higgs boson (and hence its decay products) is produced with larger transverse momenta than in typical dark matter cases. Furthermore, the associated missing transverse energy is also much larger, which is a key ingredient for its study. In general, one therefore expects that a higher degree of optimisation can be pursued to better extract the signal over the backgrounds. Finally, the resonant nature can also be exploited to gain access to the intermediate resonance yielding the signature under consideration. This paper is organised as follows. In section 2 we describe the benchmark model that will be used to derive the exclusion limits on the resonant mono-Higgs signature. Section 3 describe the LHC sensitivity to the mono-Higgs signature, analysed in two different Higgs decay modes, the γγ and the bb final states. Further, in section 3.3 we summarise the results and draw the exclusions in the neutrino benchmark model. Finally, we conclude in section 4.
Benchmark scenario for resonant mono-Higgs production
As described in the Introduction, we supplement the literature of mono Higgs searches with a resonant channel. Inspired by models for neutrino mass generation, this resonance is a heavy neutrino.
In the following, we describe the benchmark model that is going to be used at the end for the reinterpretation of the results, the "symmetry protected seesaw scenario" (SPSS) [28] . The relevant feature encoded here is the possibility to have heavy neutrinos with masses around the electroweak (EW) scale together with unsuppressed (up to O(1)) Yukawa couplings. Both are then independent parameters of the model.
In the SPSS, we consider a pair of sterile neutrinos N I R (I = 1, 2) and a suitable "lepton-number-like" symmetry where N 1 R (N 2 R ) has the same (opposite) charge as the left-handed SU (2) L doublets L α , α = e, µ, τ . The masses of the light neutrinos arise when this symmetry gets slightly broken.
The Lagrangian density in the symmetric limit is given by
where L SM contains the usual SM field content and L α and φ being the lepton and Higgs doublets, respectively. The y να are the complex-valued neutrino Yukawa couplings and the sterile neutrino mass parameter M can be chosen as real without loss of generality. It is assumed that the presence of further sterile neutrinos can be neglected. This is either because of their large masses, or tiny mixing couplings. In our particular case, one can assume that further sterile neutrinos have zero charge under the "lepton-number-like" symmetry, preventing them to couple or even mix with the other states. As benchmark scenario, we therefore consider only two sterile neutrinos as explained above.
For the study presented here, it is not restrictive to consider the neutrino mass matrix in the limit of exact symmetry. After EW symmetry breaking, the 5 × 5 mass matrix can be written as:
with the Dirac masses m α = y να v EW / √ 2, where v EW = 246 GeV is the SM vacuum expectation value. For sake of completeness, 2 small neutrino masses of O(ǫ |y ν i | 2 v 2 EW /M 2 ) arise when the protective symmetry gets suitably slightly broken by ǫ 0, while the third SM-like neutrino stays massless. However, a further sterile state could be added to give mass to this neutrino as well.
The diagonalisation of the mass matrix from eq. (2.2) results in the five mass eigenstates of the three light (possibly massless) and two heavy neutrinos and defines the unitary 5 × 5 leptonic mixing matrix U . With the active sterile mixing angles defined as
3) the leptonic mixing matrix U (unitary up to second order in θ α and neglecting the tiny perturbation from the light neutrino masses) is given by
The elements of the 3 × 3 submatrix N , which is the effective mixing matrix of the three active neutrinos, i.e. the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix, are given as
with U ℓ being a unitary 3 × 3 matrix. It is clear that the submatrix N is non-unitary.
This benchmark model can contribute to the resonant Higgs + MET signature by singly-producing a heavy neutrino, that will decay into a Higgs boson and a SM-like neutrino. A single heavy neutrino is produced via an off-shell Z * or W ± * , in association with a SM-like neutrino or a charged lepton, respectively, as in figure 1. The diagram on the right hand, the production in association with a charged lepton, can give a Higgs + MET signature when the charged lepton is not reconstructed. For the reinterpretation in section 3.3, we set y να ≡ y ν ∀α = e, µ, τ.
Parton level cross sections for these processes in the benchmark model are as in figure 2. They will be employed in section 3.3.1 to reinterpret the exclusion bounds. 
Summary of existing constraints
Before moving to the analysis of the LHC sensitivities to the Higgs +MET signature, we briefly review the present exclusion bounds on the parameters of the SPS model. The presence of heavy neutrinos could manifest both in direct and indirect measurements. For a recent review, see Refs. [29, 28] . If sufficiently light (i.e., below ∼ 200 GeV),sterile neutrinos could be directly produced at colliders. The LEP experiments have searched for them in a variety of channels. Those yielding the tightest bounds are the searches for neutrinos produced at the Z pole by DELPHI [30] , and for modification to the e + e → W + W SM process, both in the ℓ + ℓ ′ + MET and ℓ + 2j+ MET channels, at ALEPH [31] and L3 [32] , respectively. Even when too heavy to be directly produced, sterile states indirectly affect other measurements. The non-unitarity of the PMNS (sub)matrix, see eq. 2.5, will change the weak currents, as well as modifying the relation between the Fermi constant and the muon decay rate. The most sensitive indirect constraints typically come from the electroweak precision observables (EWPO), lepton universality, rare flavour-violating charged lepton decays (ℓ α → ℓ β γ), and unitarity of CKM.
From a global analysis of all observables that can be sensitive to the presence of sterile neutrinos, the following conservative upper bounds at 68% (1σ) Bayesian confidence level are obtained [29, 28] :
It is worth noticing, that the presence of active-sterile mixing is not only bounded by the precision data, but can even improve on the global fit, in particular when a selective set of observables is chosen [33] .
LHC sensitivity
In this section we discuss the sensitivity of the resonant mono-Higgs signature at the LHC run-II, for √ s = 13 TeV and L = 100 fb −1 integrated luminosity. Prospects for the High Luminosity phase, where 3 ab −1 of data are expected to be collected, will also be given. Before outlining the analyses strategies, we describe the simulation environment. All samples employed in this study have been generated in MadGraph5 aMC@NLO v2.1.2 [34] with the CTEQ6L1 PDF [35] . Events have subsequently been hadronised/parton showered in PYTHIA 6 [36] with tune Z2 [37] . Detector simulation is performed with a customised version of Delphes 3 [38] to emulate the CMS detector. Jets have been reconstructed with FastJet [39] employing the anti-k t algorithm [40] with parameter R = 0.5.
The signal (S) is generated at leading order from the model implemented in FeynRules [41] . We generated 5 benchmark points for N 1 neutrino mass as M ∈ [200, 350, 500, 750, 1000] GeV, (3.1) at leading order plus up to one merged jet. The cross sections for each sample is left as arbitrary for setting the LHC sensitivities. For the reinterpretation of the sensitivities in the SPSS, the samples will be normalised to the partonic cross sections of figure 2 without applying any k-factor, adopting a more conservative approach.
The analyses that will follow are distinguished by the final state decay products of the Higgs boson, either h → bb or h → γγ. The various backgrounds of each analysis will be outlined later. In general, we generated leading order samples with up to 2 merged jets normalised to the (N)NLO cross section where available, taken from [34, 42] . For both signal and background, a suitable number of unweighted event is generated. We did not simulate multijet backgrounds, which can be reliably estimated only from data. It will be shown anyway that such backgrounds can be safely ignored.
The analysis is carried out in MadAnalysis 5 [43, 44] . Photons and jets are identified if passing the following criteria:
while isolated "loose" charged leptons, i.e., with p ℓ T > 10 GeV, |η ℓ | < 2.5(2.4) for ℓ = e(µ), are selected for vetoing.
External routines for b-tagging and for lepton and photon isolation have been implemented. Regarding the former, here we adopted the medium working point [45] , which has an average b-tagging rate of 70% and a light mistag rate of 1%. To apply the b-tagging, we considered jets within the tracker only, i.e. with |η(j)| < 2.4. This means that the b-tagging probability for jets with larger pseudorapidities is vanishing. For the latter, the combined tracker-calorimetric isolation is used to identify isolated leptons/photons. The relative isolation I rel is defined as the sum of the p T and calorimetric deposits of all tracks within a cone of radius ∆R = 0.4, divided by the p T of the lepton/photon. The latter is isolated if I rel ≤ 0.20 for loose leptons and I rel ≤ 0.10 for photons.
After the object reconstruction and selection, we apply some general preselections as follows: we require at least 2 b-tagged jet or photons, and no other jet nor loose leptons (electrons or muons).
We describe in the following the analyses differentiating the two selected decay channel for the Higgs boson: h → bb and h → γγ, that are the two most sensitive channels [24] .
h → bb
The first final state we consider is particularly interesting since typically very challenging. At the LHC, this decay mode for the SM Higgs can be accessed in all channels but in gluon fusion. However, the presence of large MET in the final state here considered proves to be essential to access also the latter. These events can be triggered for instance with a MET trigger, that requires MET ≥ 200 GeV to be fully functional. We remind that as object selection, we require the presence of exactly 2 jets, both b-tagged, and that we veto the presence of any charged loose lepton.
Backgrounds to the bb+ MET signature are
• gg → H → bb, the SM Higgs production via gluon fusion, labelled H;
• W ± H/ZH with H → bb, the SM Higgs strahlung production, labelled W H/ZH;
• Zbb/W ± bb, Drell-Yan processes plus 2 extra b-jets, labelled W/Z + jets;
• single-top processes, labelled T + jets;
• tt, top pair production, labelled T T + jets.
As mentioned earlier on, the presence of a large missing energy in the mono-Higgs signature is essential to capture this signal, since a MET-based trigger can be employed, requiring MET ≥ 200 GeV (3.5) to be in the plateau. This request completely suppresses the QCD multijet background, that we did not simulate, and the SM Higgs boson production via gluon fusion, see table 2.
In figure 3 (left) we see that the signal suffers this selection only for low resonance masses, while most of the backgrounds are already heavily suppressed. Notice that the signal is plotted for a nominal cross section of 1 pb for a better comparison. In figure 3 (right) we plot the reconstructed Higgs mass. Backgrounds that are non-resonant in the bb system have larger tails, in particular tt. To suppress them, a cut in the bb invariant mass is selected as follows: 6) best optimised to enhance the signal-over-background ratio compatibly with the Higgs mass resolution in the dijet final state.
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Events (L = 100 fb The initial selection of MET ≥ 200 GeV, dictated by the trigger, implies that the Higgs boson in the signal has large p T . This can be seen in figure 4 (left), drawn after selecting the Higgs mass window as in eq. (3.6). It can be seen that the Higgs boson in the signal has mostly to have a transverse momentum larger than 200 GeV as well, for momentum conservation. Hence, we can reinforce this statement applying the following cut:
that will affect almost only the background. Lastly, figure 4(right) shows that despite the final state has 2 sources of missing energy (2 light SM-like neutrinos), the transverse mass of the whole final state (bb+ MET) is sensitive to the intermediate resonance mass. This is due to the charged-current production mechanism as in figure 1(right) , where the intermediate resonance yields the only source of missing energy, on top of a broader behaviour from the neutral current production. However, the application of eqs. (3.5)-(3.7) will shape this variable, that is suppressed for values lower than ≃ 400 GeV. It however stays meaningful for benchmarks with M N ≥ 500 GeV. In these cases (for the last 2 benchmark points we simulated), a further selection can be applied, that is optimised to best enhance the signal-over-background ratio. Efficiencies of the various cuts for the backgrounds and for the signal benchmarks (for a nominal normalisation cross section of 1 pb) are collected in tables 1-2. Table 1 : CutFlow for backgrounds for bb+MET, events for L = 100 fb −1 .
We define the significance S of each signal sample as follows: 8) where S and B are the number of events for signal and background, respectively. From the surviving signal events, one can deduced the value of the initial cross section for the various signal benchmark points to achieve a significance of 2σ, commonly understood as "excluded" if no signal is observed. The excluded cross sections evaluated as discussed are collected in table 3 and displayed in Figure 7 . A final remark is in place. Large neutrino masses means that the Higgs has a boost. From a naive expectation, ∆R ≃ 2m/p T , when the Higgs boson is produced with p T larger than 500 GeV, the 2 b-jets in the final state will be typically closer than ∆R = 0.5, that is Cut hℓ@200 GeV hν@200 GeV hℓ@350 GeV hν@350 GeV hℓ@500 GeV hν@500 Table 3 : Excluded cross sections in the bb final state, at the LHC for √ s = 13 TeV.
our jet cone. Meaning, the 2 jets will start to merge and look like a single one. Hence, for heavy neutrino masses larger than 1 TeV, for which in most of the cases the Higgs boson has a p T larger than 500 GeV, a simple dijet final state analysis might not be efficient enough to single out our signal. In this case one might investigate how more involved boosted techniques can improve the signal-over-background discrimination.
h → γγ
The diphoton final state is the most sensitive one for the SM Higgs boson at the LHC and for the Higgs + MET signature in dark matter models, see Ref. [24] . This very clean signal does not require any MET selection for triggering. However, a lower value can be selected for enhancing the signal. We remind that as object selection, we require the presence of exactly 2 photons, and that we veto the presence of any jet or charged loose lepton. Backgrounds to the γγ+ MET signature are
• gg → H → γγ, the SM Higgs production via gluon fusion, labelled H;
• W ± H/ZH with H → γγ, the SM Higgs strahlung production, labelled W H/ZH;
• pp → γγ, the SM diphoton production, labelled AA;
• pp → γγZ/W ± , the SM diphoton production plus a vector boson that supplies some further MET, labelled AAV .
In figure 5 the MET and the diphoton invariant mass distributions can be seen on the left panel and on the right panel respectively.
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These cuts have been optimised to enhance the signal-over-background ratio, compatibly with the experimental resolution. Their effect is to considerably suppress the backgrounds that have little to no MET, in particular the SM diphoton component and the SM Higgs production via gluon fusion. Eq. (3.10) further suppresses the diphoton plus vector boson component, that has some final state MET but no Higgs. As can be seen in table 6, at this stage one is left with just Higgs production processes in association with vector bosons (Higgs-strahlung) or the diphotons plus gauge bosons. As in the previous section, the fact that the Higgs boson is produced resonantly means that it will have some transverse momentum in the case of the signal. This can be seen in figure 6 (left), drawn after cuts of eqs (3.9)-(3.10). The following conservative cut is then applied:
that retains at least 90% of signal also for low resonant masses, while still removing some backgrounds. Finally, the resonant nature of the signal can be further exploit as in the previous section to access the intermediate resonance mass when this is larger than the Higgs mass. The less aggressive cuts here as compared to previously (in particular the MET cut of eq. (3.9) compared to eq. (3.5)) enables to get a relatively sharp peak for resonances larger than just 300 GeV, as compared to 500 GeV in the b-jet final state. Suitable selections can then be further applied to single out the signal. Efficiencies of the various cuts for the backgrounds and for the signal benchmarks (for a nominal normalisation cross section of 10 fb) are collected in tables 4-5. Table 4 : CutFlow for backgrounds for γγ+MET, events for L = 100 fb −1 .
The excluded cross sections evaluated as previously discussed are collected in table 6 and displayed in Figure 7 .
Exclusions
In figure 7 we summarise and compare the excluded cross sections at the LHC run-II for √ s = 13 TeV both with L = 100 fb −1 and L = 3 ab −1 of data, for a resonant Higgs + MET production in the Higgs-to-bb and Higgs-to-diphoton channels. Separate channels are presented in figure 7 (left), while the Higgs + MET production (assuming the SM Higgs branching ratios 3 ) is shown in figure 7(right) . Contrary to the diphoton case, where the background after all the cuts is already negligible, the exclusion power of the bb final state steadily grows with the mass of the intermediate resonance. This is because the background rejection power of the cuts improves when the latter increases. The diphoton final state can generally exclude cross sections that are a factor 50 ÷ 240 lower than the bb case. However, BR(h → bb)/BR(h → γγ) = 0.577/(2.28 · 10 −3 ) ≃ 250. Hence, a signal comprising the SM Higgs boson in the final state will get better constrained by the bb channel. To achieve the most stringent bounds, in figure 7 (right) we also show the combination of the two final Table 6 : Excluded cross sections in the γγ final state, at the LHC for √ s = 13 TeV.
states. This is done employing a likelihood profiling methods for hypothesis testing with no systematic errors 4 , based on RooStats [46] .
Reinterpretation in the SPSS
Finally, we can recast our excluded cross sections in the framework of the SPSS introduced in section 2. Exclusions in the y N -M N plane are presented in figure 8 . At low M N , the diphoton and bb final states have a very similar exclusion powers. However the two channels are rather different; the diphoton case is basically background free, and hence exclusions are just limited by the signal cross section to yield an observable amount of events, while for the bb case, the signal has to be at least twice the fluctuation of the large background. Therefore, the exclusion power of the latter gets better than the photons' one as the resonance mass increases because the selections that are applied also have an increasing performance at larger M N . Instead, there the diphoton final state is already background free, and the cuts performance cannot increase. At the same time, the fact that the background is negligible also explains why the exclusion power of the diphoton final state improves faster than the bb one when increasing the amount of data. As before, we also show the combination of the two final states to give the most stringent bound.
In the same figure we also show the triviality bound y / nu < 4π, that is the intrinsic upper bound to have a perturbative theory, and the present exclusion from direct and indirect constraints, see eqs. (2.7)-(2.9). Notice that these bounds have been rescaled by a factor 2 in the figure to corresponds to a 2σ exclusion, starting from the 68% (1σ) Bayesian confidence level. We see that for 100 fb 1 of data only neutrino masses below 900 GeV are in the non-perturbative regime, while the exclusions at the ultimate 3 ab 1 are well below it. However, they are still roughly an one order of magnitude above the current constraints, here plotted separately per each flavour.
Conclusions
The fact that the Higgs boson properties are going to be thoroughly investigated at the LHC in the coming years, allows one to consider rare phenomena involving the Higgs boson itself. The case of the mono Higgs signature, i.e., its production in association with just missing energy, has been recently proposed and commonly interpreted in models explaining dark matter, where the dark matter candidates are the source of missing energy.
In this work, it was shown that the mono-Higgs signature also very commonly arises from models explaining neutrino masses. In this case and differently from most dark matter models, the Higgs boson is produced resonantly, via a fermionic resonance.
This case was then studied at the LHC by means of a detailed fast detector simulation, to first assess the LHC discovery potential for the signature of a Higgs boson produced with large MET, exploiting its resonant nature. Contrary to the dark matter case, here the final state with a pair of b−jets proved to be the most sensitive one, and comparable to the diphoton final state at low resonance masses. The combination of the 2 final states was Finally, the mono-Higgs signature has been reinterpreted in a benchmark scenario for neutrino masses description, the "symmetry protected seesaw scenario", where the embedded symmetry allows for naturally explaining the smallness of neutrino masses when slightly broken. For this scenario, the exclusions derived by the mono-Higgs signature are not competitive with present bounds coming from fits to low-and high-energy data. This situation could be improved by future lepton colliders, which could improve on the present bounds already in the first years of running, see Ref. [47] .
It is worth mentioning that the mono-Higgs signature is not the one with highest sensitivity to this model. One expects the heavy neutrino decay into a lepton and 2 jets (via a W boson) to have the largest sensitivity. However, the choice of studying the monoHiggs signature was dictated by the fact that in the Literature this is associated just to dark matter models, while it equally arises in neutrino mass models. This paper therefore is intended to offer the experimental community a new framework for the reinterpretation of upcoming results concerning the Higgs boson.
Further reinterpretions of this signature are possible in Z ′ models, where the intermediate resonance is a vector boson. A resonant mono-Higgs signature can arise as Z ′ → hZ, Z → νν in general models where the Z ′ boson mixes with the Z boson, or from heavy neutrino pair production in a gauged type-I/inverse seesaw model, such as in the B − L model, when one neutrino decays into νh and the other one into νZ, Z → νν [48, 49, 50] . Due to the focus of this work on fermionic-mediated signatures, the above Z ′ -mediated ones have not been discussed, and will be analysed in the future.
